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Abstract 


caaes  is  the  occurrence  of  liquid  surface  layers  on 
tha  solid  surface  in  the  vicinity  of  the  jet  Itself 
(Ref.  (S)  and  (6)).  Since  tha  flow  velocity  in  tha 
boundary  layer  laaedlataly  above  this  liquid  sur- 
face is  nuch  lower  than  that  in  the  vicinity  of  the 
Jet  as  it  penetrstes  out,  one  night  expect  ignition 
to  occur  first  near  the  liquid  surface  layer  due  to 
the  rmaultant  increased  reaUeaca  tine. 


This  paper  presents  the  first  results  of  s study 
ained  at  delineating  tha  processes  leading  to  igni- 
tion of  liquid  fuel  Jets  injected  transverse  to  a 
hot  supersonic  air  straan.  The  tests  ware  con- 
ducted at  Mach  1.8  with  a nonlnal  stagnation 
pressure  of  100  pals  and  stagnation  tanparatures 
fron  S00-1800*p.  Kerosene,  CS2  and  water  were  used 
as  the  Injactants.  The  observations  ware  in  the 
(ora  of  direct,  top-view  photos,  tenpsrature  nsa- 
suraaeots  and  top-view,  infrared  Themographic 
photos  to  produce  isothem  patterns.  Attention  was 
directed,  in  particular,  at  the  surface  layer 
fomed  on  tha  wall  near  the  injection  port. 


This  paper  presents  the  first  results  of  a study 
ained  directly  at  delineating  tha  processes  of  ini- 
tial ignition  in  the  vicinity  of  a liquid  fuel  Jet 
injected  transverse  to  a hot,  supersonic  air  streaa, 
The  tests  were  conducted  in  a new,  specially  con- 
structed hot  air  facility  that  enploys  electric 
resistance  heating.  The  freestraan  conditions  were 
lt*1.8,  Fo  - 100  pals  and  SOO  S T^  ^ 1800*F.  Kero- 
sene and  CS2  were  injected  through  a 0.030  in.  port 
perpendicular  to  the  surface.  Hater  injection  ex- 
perinenta  were  run  as  control  cases.  The  principal 
observations  are  top-view  direct  photographs  and 
Infrared  photographs  with  a Thenographic  caaera  to 
produce  colored  isothem  pictures.  Teaqterature 
probing  with  fine  themocouples  was  also  accow- 
pllshed. 


Injectant  flow  rata 

M Mach  nuaber 

F Stagnation  pressure 
o 

T St»gnatlon  teaperature 
o 

T Hall  teaperature 
w 

T'  Hall  teaperature  under  the  liquid  layer 


Hot  Air  Facilif 


The  hot  air  for  the  supersonic  streaa  was  pro- 
duced by  a new,  specially  designed  facility 
aaploylng  a long,  thick-walled  Inconel  601*  tuba 
that  was  heated  by  electrical  resistance  heating 
(Sea  Fig.  Mo.  1).  The  electric  power  was  eupplled 


The  flow  field  produced  by  the  tranaverse  injec- 
tion of  a liquid  Jet  into  a supersonic  streaa  la  of 
direct  interest  in  a wide  variety  of  practical  sye- 
teas.  One  can  cite  fuel  injection  in  scraajeta, 
local  transpiration  cooling  of  re-entry  bodies, 
thrust  vector  control  in  rocket  nosslea  aad  exter- 
nal burning  on  projactllsa.  Previous  experlaantal 
atudiaa  by  one  of  its  and  pravioua  co-workers  and 
others  (Ref.  (1)  - (10))  have  served  to  docusmit 
the  developasnt  of  the  flow  la  teras  of  penetration, 
break-up  and  atoalsatlon  for  non-coabustibla  Injac- 
tants.  However,  aany  of  the  practical  applicationa. 
neceasarily  involve  coaboatlon.  Slaca  It  Is  well 
known  froa  other  typaa  of  probleaa  that  heat  reloaaa 
haa  a draaatic  effect  upon  a flow  field.  It  appears 
necessary  now  to  proceed  to  studies  directly  Involv- 
ing these  pbeaoBana. 


CCttRDGATEO 

ALUMINUM  INSULATION 
SHEETS  1.5"  THICK 


INCONEL  PIPE 


One  feature  naeovered  la  our  previous  oon-bumlag 
studies  that  la  potaatlally  lapertant  for  burning 
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Fig.  Me.  1 - Details  of  tha  Heated  Air  Facility 


This  aatarlal  was  kindly  donated  by  the  Intar- 
■htlnanl  Mahal  On; 


through  a bank  of  alx  Plaamatron  PS-20  trana- 
foniers. 
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The  effective,  average  wall  temperature  of  the 
tube  over  its  length  was  determined  by  a simple 
thermal  expansion  gauge.  This  provided  an  adequate 
and  rugged  means  of  setting  test  conditions.  From 
rupture  strength  considerations  at  150  psla,  a pru- 
dent maximum  of  1800*F  was  selected  for  the  wall 
temperature.  Due  to  the  long  length  of  the  cube, 
the  exit  air  temperature,  as  measured  In  Che  plenum 
chamber  ahead  of  the  nozzle  throat,  was  always  very 
close  CO  the  average  pipe  wall  temperature. 

It  Is  important  to  note  that  this  facility  pro- 
duces uncontaminated,  dust-free  air.  This  is 
considered  crucial  for  sensitive  Ignition  studies. 

The  nozzle  used  for  the  present  test  program  Is 
shown  In  Fig.  No.  2.  It  produced  a flow  of  M ~ 1.8 
at  the  Injection  station.  The  nozzle  is  fitted 
with  stagnation  and  static  pressure  taps,  and,  per- 
haps most  importantly,  two  wall  temperature 
SKasurement  devices.  The  arrangement  for  both  Is 
shown  In  Fig.  No.  3.  One  instrument  Is  located  at 
the  same  axial  location  as  the  Injector,  but  well 
away  from  It  around  the  nozzle.  The  other  Is 
located  near  the  Injector  In  a region  that  we  ex- 
pected to  be  covered  by  the  liquid  layer  based  upon 
our  previous  work  (Ref.  (6)). 
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Fig.  No.  3 - Wall  Temperature  Instruments 
Injection  System 

Injectant  liquids  were  driven  through  Che  port 
from  a cylinder  pressurized  with  nitrogen.  The  sys- 
tem Involved  an  elaborate  Interlocked  purge  system 
with  fall-safe  features.  The  injectant  flow  rate 
was  measured  by  a Ramapo  Model  V-1/2-SS  drag  body 
flow  meter. 

All  teats  reported  here  were  conducted  at  a flow 
rate  of  0.026  I/sec. 

Automatic  Operation 


The  tests  %rere  run  by  means  of  a pre-prograzned 
timer  system.  This  was  Important  In  Insuring  re- 
peatable and  safe  operation. 


Instrumentation 

Pressure  measurements  were  made  with  strain 
gauge  type  pressure  transducers  with  the  signals 
recorded  on  atrip  chart  recorders. 

Temperature  measurements  were  obtained  using 
Chromel-Alumel  thermocouples  again  recorded  on  strip 
chart  recorders. 


Fig.  No.  2 - Test  Nozzle 

The  air  supply  comes  from  a Bury  VB-3-8,  600  pal 
compressor  through  a 70  cubic  feet  surge  tank,  a 
Grove  dome  pressure  regulator  operated  parallel  to 
a pre-set  throttling  value  and  a ball,  on-off 
value. 

With  all  this,  accurate,  repeatable  values  of 
the  air  stagnation  presaure  and  cemperatura  were 
convsnlantly  actalnsbla. 


Direct,  top-view  photographs  trere  made  with  a f 
2.9,  2.75  In.  dlom.  lens  and  a 4 x 5 Graflex  camara 
using  Polaroid  type  57  sheet  film.  Short  duration 
lighting  woa  provided  by  single  pulses  (0.4  nsec 
duration)  from  a Strobotac  Type  1S31-AB.  The  phyal- 
cal  arrangement  Is  sketched  In  Fig.  No.  4.  This 
provided  magnification  of  approximately  2x1. 

The  moat  Informative  observatlona  utilised  a 
Tharmovislon  Modal  680  Thermographic  camara.  This 
camara  takes  Infrared  Images  and  procasoea  them 
Internally  to  produce  ten  color,  Isothem  band 
Imagea  of  the  field  of  view  on  a color  TV  scremn. 

The  AT  for  each  Isothsm  band  as  well  as  the  tamper- 
sture  level  of  the  center  of  the  range  are 
adjustable  over  a wide  range.  Our  work  employs  a 
camera  setting  of  f 14,  Intensity  of  200,  and  a 6. 01 
tranomlsslon  gray  filter  for  high  tenperature  canns. 
Photographs  of  the  color  TV  Image  were  taken  with 
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Polaroid  type  S8  sheet  flla  and  a Craflex  4 x S 
caaera.  The  viewing  path  waa  the  eeae  ea  that  for 
the  direct  photos  above  and  the  layout  la  shown  In 
Pig.  Mo.  5. 


Pig.  No.  4 - Optical  Layout  for  Direct  Photoe 


Pig.  Mo.  5 - Optical  Layout  for  Theraographlc 
Photos 


teeulte 

Wall  Teaperature  Meaeureaente 

Tbs  wall  tsi^raturas  aaaaurad  by  the  two  Instru- 
aante  - one  under  the  liquid  layer  and  one  wall 
raaovad  froa  It  - showed  significant  and  large  dlf- 
feraneas  over  the  whole  range  of  the  testa 
eonduetad  due  obviously  to  local  cooling.  The 
direct  top-view  photos  of  type  to  be  presented 
below  ware  used  to  Insure  that  the  flrat  Instruaent 
was.  Indeed,  covered  by  liquid  on  the  surface. 

To  Illustrate  the  laportant  differences  observed, 
a case  with  RgO  Injection  with  an  air  teaperature 
of  1SS0*P  showed  a taaparatura  under  the  liquid 


layer  of  160*F,  while  that  away  from  the  Injection 
port  was  530*F.  It  Is  also  interesting  to  note 
that  a nuch  lower  air  temperature  of  1000*F  pro- 
duced only  a allghtly  lower  value  of  ISO’F  under 
the  liquid. 

Clearly,  wall  temperature  will  be  an  important 
paraaeter  In  establishing  conditions  for  ignition, 
but  an  appropriate  value  or  combination  of  values 
must  be  utilized.  We  will  present  further  results 
along  with  the  photographic  observations  below. 

Direct,  Totf-Wew  Photographs 

Typical  direct,  top-view  photographs  for  water 
Injection  at  various  air  temperatures  from  780  ^ Tq 
^ 1600*F  are  shown  in  Fig,  No.  6a,  b,  c.  The  flow 
Is  from  left  to  right.  The  oblong  hole  in  the  mid- 
dle of  the  picture  is  the  air  nozzle  exit,  and  the 
white  streak  going  off  towards  the  right  is  the 
laage  of  the  main  liquid  jet.  To  the  left  and 
above  and  below  the  front  of  this  streak,  one  can 
see  the  liquid  surface  layer  mentioned  before.  Our 
tests  here  produced  results  completely  in  accord 
with  the  cold  flow  tests  of  Ref.  (6).  As  the  air 
temperature  is  increased,  the  layer  becomes  less 
distinct  and  apparently  thinner,  but  it  is  still 
clearly  evident  with  an  air  temperature  of  1600 *F. 

Similar  photos  for  CS2  Injection  are  given  in 
Fig.  No.  7a,  b,  c.  These  are  for  the  aame  mass 
flow  rate  as  those  above,  but  since  CS2  has  a spe- 
cific gravity  of  1.26,  the  volume  flow  Is  reduced. 
Nonetheless,  the  CS2  jets  are  larger  when  viewed 
froa  above  than  the  H2O  jets.  This  is  presumably  a 
result  of  the  lower  vapor  pressure  of  CS2  which 
produced  more  rapid  spreading.  Again,  the  liquid 
surface  layers  are  visible  at  all  air  temperatures. 
0\ie  to  slight  differences  in  lighting,  one  can  see 
tK>re  evidence  of  the  waves  on  the  liquid  surface 
that  were  observed  before  (Ref.  (6))  chan  in  Figs. 
Mo.  6a,  b,  c. 

While  photos  of  this  type  are  interesting  and 
show  aany  features  of  the  flow,  they  cannot  be 
reliably  used  to  provide  clear  evidence  of  ignition. 
In  Fig.  No  . 8a,  b,  and  c,  we  show  some  photos  for 
kerosene  and  water  injection  at  an  air  temperature 
of  1600*F  and  kerosene  at  1500  and  1600*F.  This 
appears  to  Indicate  ignition  for  the  higher  teoq>er- 
ature  caae  with  kerosene,  but  It  Is  not  possible  to 
be  certain  on  this  basis  alone. 

Taaparatura  Probing 

In  an  attempt  to  obtain  more  precise  supporting 
data,  we  conducted  an  exploratory  study  with  a 
small  (.010  In.  dlaa.)  sheathed  thenaocouple  held 
just  above  the  liquid  layer  to  the  side  of  the  main 
jet  body.  In  one  case,  this  Indicated  a large  dif- 
ference In  temperature  between  CS2  and  H2O  Injec- 
tion at  the  sane  noalnal  conditions  - CS2  produced 
the  higher  temperature.  Again,  this  would  seen  to 
Indicate  Ignition.  However,  tie  encountered  severe 
problems  with  frequent  thermocouple  bum-up.  Also, 
single  point  probing  is  tedious  and  difficult, 
since  one  cannot  be  sure  of  being  In  the  right 
place  at  the  right  time. 
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I'l*.  No.  6 Direct  Photos  of  HjO  Injection 
B “ 0.026  #/8ec 


Fig.  No.  7 Direct  Photos  of  CSg  Injection 
a,  • 0.026  #/aoc 


Infrared.  Top-View  Photographg 


As  mentioned  before,  the  Thermographic  Camera 
produces  10  color  Images  on  a TV  screen  trhlch  we 
then  photographed  with  Polaroid  color  film.  The 
resulting  pictures  are  both  technically  Informative 
and  aesthetically  beautiful,  and  It  is  unfortunate 
that  they  cannot  be  directly  reproduced  here.  IVo 
black  and  white  copies  are  given  In  Fig.  No.  9a  and 
b.  With  the  use  of  an  opaque  projector,  the  color 
Images  were  projected  on  a wall  where  they  could  be 
traced  and  made  Into  black  and  white  drawings  with 
the  colored  Isotherm  bands  Identified  by  bands  with 
different  symbols.  Some  typical  results  are  shown 
In  Fig.  No.  10a  and  b. 


In  No.  the  Is  from  to 

The  oblong  shape  In  the  center  Is  the 
oblique  view  of  the  nozzle  The  comes 

of  the  far  nozzle  wall  In  the  center  and  trails  off 
(a)  H^O  Injection,  T ■ 160(J*F  to  the  right.  The  main  body  of  the  Jet  produces 

° the  Jagged  protrusion  to  the  right  of  the  vertical 

oblong.  The  liquid  surface  layer  Is  the  bulged-ln, 
multl-banded  region  to  the  the 

this  can  be  much  better 
referring  to  the  photos  in  Figs. 

are  taken  the  same  optical 


I These  results  were  obtained  using  the  Thermo- 

graphic camera  outside  of  its  normal  calibration 
range  for  direct  temperature  measurements.  Also, 
the  effective  emlsslvity  of  the  stainless  steel 
nozzle  walls  and  the  liquid  surface  layer  Itself 
are  difficult  to  assess  accurately.  Lastly,  there 
is  the  question  of  the  "shape  factor"  of  the  sur- 
faces Involved.  All  of  these  effects  conspire  to 
make  It  difficult  to  use  these  photos  directly  to 
determine  accurate  absolute  temperature  levels  In 
the  flow  field.  All  of  these  matters  are  under 
current  study,  and  we  expect  to  be  producing  re- 
sults with  more  reliable  precision  shortly.  For 
this  paper,  we  have  used  the  admittedly  crude  tech- 
nique of  correlating  the  different  temperatures 
1500*F  with  the  wall  temperatures  measured  away  from  the 

liquid  layer.  The  rest  of  the  variation  was  assumed 
linear. 


(c)  Kerosene  Injection,  T " 1600*F 

o 


Fig.  No.  8 Direct  Photos  of  HgO  and 
Kerosene  Injection 


(a)  T^-  590*F,  T^-  180*F  (b)  T^-615*F,  T^-165*F 
Fig,  Noe  9 *>  Black  amJ  White  Photos  of  Color 


Thersographic  Pictures*  CS2*  T^-1625*F 
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Conclusion 


Several  conclusions  can  be  made  on  the  basis 
of  these  first  results  using  a new  test  technique 
to  study  fuel  jet  ignition.  First,  sn  electrically 
heated,  hot  air  supply  of  this  alaple  design  la 
very  useful  and  convenient  for  this  type  of  study. 
Second,  direct  photographs  do  not  provide  an  accu- 
rate and  reliable  indication  of  ignition.  Last, 
the  Thermographic  camera  has  great  potential  for 
many  kinds  of  studies  in  this  general  area. 
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<0.  ABSTRACT  (Cot%tlnue  on  reeotee  elde  II  neeeeeery  end  identify  by  block  number) 

This  paper  presents  the  first  results  of  a study  alined  at  delineating  the 
processes  leading  to  Ignition  of  liquid  fuel  jets  injected  transverse  to  a hot 
supersonic  air  stream.  The  tests  were  conducted  at  Mach  1.8  with  a nominal 
stagnation  pressure  of  100  psia  and  stagnation  temperatures  from  500-1800°F. 
Kerosene,  CS^  and  water  were  used  as  the  Injectants.  The  observations  were  In  th 
form  of  direct,  top-view  photos,  temperature  measurements  and  top-view.  Infrared 
Thermographic  photos  to  produce  Isotherm  patterns.  Attention  was  directed.  In 
particular,  at  the  surface  layer  formed  on  the  wall  near  the  Injection  port.yS 
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